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Introduction
Compulsive drug use and associated maladaptive behaviors are cardinal features of methamphetamine (METH) addiction, and have been strongly associated with the neurochemical consequences of repeated METH abuse [1] [2] [3] . Among the various neurotransmitter systems affected by METH exposure is the glutamate system, where long-lasting drug-induced changes are suspected factors underlying craving and persistent vulnerability to relapse 4 . Due to their dual roles in mediating glutamatergic synaptic plasticity and control of synaptic glutamate release, the metabotropic glutamate receptors (mGluRs) have emerged as therapeutic targets of interest in the study of drug addiction 5 . Antagonizing the excitatory postsynaptic metabotropic glutamate receptor 5 (mGluR5) has been recently shown to attenuate the reinforcing effects of METH on a progressive ratio schedule, as well as attenuating drug-seeking behavior in rats previously trained to self-administer METH 6 . Selective stimulation of mGluR5 has been found to improve the rate of extinction learning in rats previously conditioned to the reinforcing effects of cocaine. This study investigated the role of mGluR5 in the behavioral changes induced by repeated exposure to METH, using positive and negative allosteric modulators of mGluR5 function in separate experiments.
The consequences of chronic METH abuse are often studied in the rat model of behavioral sensitization, where chronic METH injections reliably induce an elevated locomotor response to a subsequent METH challenge, relative to rats with no prior history of METH exposure [8] [9] [10] [11] . Through their interactions with the dopaminergic projections of the medial forebrain, mGluRs have been found to have roles in both the development and expression of psychostimulant sensitization 12 . mGluR5 has been associated with the locomotor response and reinforcement attributes of psychostimulants since mice lacking this receptor were found not to respond to or self-administer cocaine as wild-type mice 13 . While antagonism of group I mGluRs, which includes mGluR5, in subsequent experiments has generally failed to convincingly affect locomotor sensitization to cocaine 14 , the effects of positive allosteric modulation on psychostimulant sensitization have so far remained untested. We evaluated the effect of the mGluR5 positive allosteric modulator (PAM) 3-cyano-N-(1,3-diphenyl-1H-pyrazol-5-yl) benzamide (CDPPB) and the mGluR5 negative allosteric modulator (NAM) fenobam on the expression of behavioral sensitization to METH. We utilized doses of CDPPB that have been shown to improve extinction learning after METH [30 mg/kg 15 ], and cocaine [60 mg/kg 7 ], self-administration training, and doses of fenobam (10-30 mg/kg) that have effectively reduced drug-seeking in METH-trained rats in our laboratory 16 .
Methods and materials
Subjects Eighty-eight male Sprague-Dawley rats (Harlan Laboratories, Livermore, CA), weighing 250-275 g, were pair-housed on arrival in a humidity-controlled colony room and maintained in a reversed light/dark cycle with free access to food and water throughout the experiment. All experimentation was conducted during the dark phase of the light/dark cycle. All procedures were conducted with the approval of the Institutional Care and Use Committee at Arizona State University and in accordance with the principles of the Guide for the Care and Use of Laboratory Animals (National Research Council) 17 . 
Locomotor testing procedures
Locomotor activity was assessed in a Rotorat System apparatus (Med Associates, Mt. St Albans, VT) that measured rotational ambulation, quantified as quarter turns in both directions, within a bowl-shaped arena ( Figure 1A ). The rats (N=43 in the CDPPB experiment, N=45 in the fenobam experiment) were divided into groups where half of the rats received five injections of 1 mg/kg METH dissolved in saline (1 ml/kg, i.p.), separated by 48 hours, and the other half received injections of saline of matching volume ( Figure 1B ). Each injection was immediately followed by a 90 min locomotor test session. After a 6-day waiting period in the colony room, all rats were given a saline injection (1 ml/kg, i.p.) and subjected to a locomotor test session. The next day, rats were injected with 0 (N=7), 30 (N=8) or 60 mg/kg (N=6-7) CDPPB in one experiment; or 0 (N=8), 10 (N=8) or 30 mg/kg (N=6-7) fenobam in the other experiment, and 30 min later given a challenge dose of 0.5 mg/kg METH and subjected to a 90 min locomotor test session.
Additional experiments were conducted to examine the effects of mGluR5 modulation on baseline locomotion. Rats were acclimated to the apparatus in 90 min sessions for two consecutive days, and on the next day given a 90 min locomotor test session 30 min after treatment with 0, 30 or 60 mg/kg CDPPB in one experiment (N=5); or 0, 10 or 30 mg/kg fenobam in another experiment (N=5).
Data analysis
Data analysis procedures were performed using Prism 5 (GraphPad, La Jolla, CA). For the sensitization experiments, quarter turn data (in either direction, totaled over 90 min) taken during the five chronic treatment sessions were analyzed using 2-way ANOVA with METH history (naïve, METH-treated) as a between-subjects factor and day (1, 3, 5, 7 or 9) as a within-subjects factor. Locomotor behavior exhibited during the challenge sessions were quantified as quarter turns and analyzed using 2-way ANOVA with METH history and treatment (0, 30 or 60 mg/kg for the CDPPB experiment, and 0, 15 or 30 mg/kg for the fenobam experiment) as between-subjects factors. Significant interaction effects were followed by pairwise comparisons (Fisher's LSD tests). The locomotor apparatus (A) consists of a rotating actuator anchored to a U-shaped bracket over a steel bowl-shaped arena (Med Associates; 18 in top diameter, 6 in bottom diameter, 6 in depth) containing a layer of Sani-chip bedding. The rat is attached to the actuator via 45 cm spring leash terminated with an alligator clip, which is hooked onto a cable tie around the neck for the duration of the test session. The apparatus registers rotational movements as the rat causes the actuator to pivot, accumulated by computer as quarter turns. The experimental procedure (B) consisted of three days of acclimation sessions in the locomotor arenas, followed by five injections of METH (1.0 mg/kg, i.p.) or saline separated by 48 hr (Days 1, 3, 5, 7 and 9). After each injection, rats were placed into the locomotor arenas for 90 min and their rotational data were recorded as quarter turns. Rats underwent locomotor testing following a saline injection on Day 15, and these data were balanced between groups assigned to mGluR5 treatment or vehicle treatment. On Day 16, the rats were given an injection of the mGluR5 ligand (CDPPB or fenobam) or vehicle, and tested 30 min later following a probe injection of METH (0.5 mg/kg, i.p.).
In the baseline locomotion experiments, quarter turn data were analyzed using one-way ANOVA with CDPPB or fenobam treatment as the main factor.
Results

Elevated locomotion as a consequence of repeated METH treatment
In the CDPPB experiment, rats treated with repeated METH injections exhibited progressively increasing amounts of quarter turns, as confirmed by a significant main effect of METH history (F 1,164 = 51.8, p < 0.0001) and a day × METH history interaction (F 4,164 = 3.4, p < 0.05). In these rats, locomotion was significantly elevated from Day 1 levels (2110 ± 284) on Day 5 (3117 ± 401, p < 0.05, Fisher's LSD test) and Day 7 (3432 ± 433, p < 0.01), but not Day 9 ( Figure 2A and Table S1-Table S2 ). Similarly, in the fenobam experiment, repeated injections of METH but not saline resulted in elevated quarter turns, as confirmed by significant main effects of day (F 4,172 = 4.1, p < 0.005) and METH history (F 1,172 = 60.9, p < 0.0001) and a day × METH history interaction (F 4,172 = 6.0, p < 0.0005). In these rats, locomotion was significantly elevated from Day 1 levels (2175 ± 320) on Day 5 (3136 ± 297, p < 0.05, Fisher's LSD test), Day 7 (3548 ± 388, p < 0.01) and Day 9 (3469 ± 438, p < 0.05, Figure 2B and Table S3-Table S4 ).
Effect of mGluR5 modulation on locomotor sensitization to METH In the CDPPB experiment, rats with a history of repeated METH treatments exhibited a greater number of quarter turns following a In locomotor sessions prior to mGluR5-targeted treatment (A-B), rats were chronically given 1 mg/kg METH (filled circles) or saline (open circles). In both the CDPPB (A) and fenobam (B) experiments, the reported quarter turns progressively increased above first-day levels in the METH-exposed groups. *P < 0.05 different from Day 1 levels. In the subsequent test using 0.5 mg/kg METH in all groups (C), rats with a history of chronic METH exposure exhibited elevated locomotor behavior, but CDPPB pretreatment had no effect. In the fenobam experiment (D), rats with a history of chronic METH exposure also exhibited elevated locomotor activity, and this behavioral sensitization was not affected by 10 mg/kg fenobam pretreatment. After 30 mg/kg fenobam treatment, the METH-sensitized locomotor response was reduced from the vehicle level. Figure 2C and Table S5-Table S6 ). This elevated response to METH was not attenuated by CDPPB pretreatment, as shown by the existence of a main effect of METH history (F 1,37 = 10.7, p < 0.005) but no other main effects or interactions.
In the fenobam experiment, rats with a history of repeated METH treatments also exhibited elevated quarter turns following the 0.5 mg/kg METH probe ( Figure 2D and Table S7-Table S8 ). Pretreatment with in rats with a history of saline injections (0 mg/kg fenobam: 622 ± 493 quarter turns vs. 30 mg/kg fenobam: 405 ± 106 quarter turns, P = 0.08).
Effect of mGluR5 modulation on baseline locomotion All of the tested doses of CDPPB and fenobam had negligible effects on baseline locomotion, measured 30 min after time of injection. Both the 60 mg/kg dose of CDPPB (300 ± 92 quarter turns, vs. 345 ± 43 for the vehicle) and the 30 mg/kg dose of fenobam (389 ± 59 quarter turns, vs. 407 ± 74 for the vehicle) produced slightly attenuated locomotor responses, but no significant effects were revealed by ANOVA in either experiment ( Figure 3 and Table S9-Table S10 ).
Discussion
As expected, rats repeatedly injected with 1 mg/kg METH exhibited greater locomotor activity than the saline-treated rats, and demonstrated more activity during the latter sessions than the initial session. Treatment with CDPPB did not significantly alter METH-induced rotational locomotion, and treatment with fenobam only significantly reduced rotational locomotion at its highest dose (30 mg/kg). Neither CDPPB nor fenobam significantly attenuated the baseline locomotor activity of drug-naïve animals, although the small effect found for 30 mg/kg fenobam in that experiment ( Figure 3B ) could explain the moderate reduction of quarter turns exhibited by METHchallenged rats ( Figure 2D ) as a non-specific phenomenon. Thus, locomotor effects of mGluR5 modulation were largely absent at the dose ranges that have been shown in earlier studies to reduce operant behavior motivated by METH or cocaine training 7, 15, 16, 18, 19 .
These largely negative findings indicate that the maintenance of behavioral sensitization is likely mediated by neurobiological substrates other than mGluR5. These data are also in agreement with previous observations that mGluR5 function does not appear critical for the expression of locomotor sensitization to cocaine 14, 20 , and extends them to include METH sensitization. Furthermore, the contribution of mGluR5 to initial locomotor responses to injected psychostimulants 13 appears to be replaced by other neurochemical substrates with chronic drug exposure.
While mGluR5 is an important therapeutic target in researching treatments for addiction to psychostimulants as well as other abused substances, there is building evidence that the role of this receptor in drug-related behaviors changes with increasing exposure. A recent study of rats chronically exposed to METH sufficient to induce measurable conditioned place preference found a reduction of surface expression of mGluR5 in the medial prefrontal cortex 21 , an area known to contribute to the expression of behavioral sensitization 4 . The current findings using the behavioral sensitization model therefore suggest that the changes in the degree to which mGluR5 mediates drug-stimulated and drug-conditioned behavior previously shown to occur with chronic cocaine exposure might also take place in rats with a history of chronic METH exposure. The possibility of the changing roles among the various mGluR subfamilies as a result of drug exposure merits further studies utilizing animal models of METH-induced activity and motivated behavior. Author contributions PRK and MFO conceived of the study and designed the experiments. PRK, NEN, LRW and NZ carried out the research. PRK and MFO prepared the initial draft of the manuscript and all further revisions. All authors approved of the final manuscript for publication.
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The funders had no role in study design, data collection and analysis, decision to publish, or preparation of the manuscript. Table S1 . CDPPB experiment -locomotor response (total quarter turns over 90 min) after chronic METH treatments. In locomotor sessions prior to mGluR5-targeted treatment, rats were chronically given 1 mg/kg METH i.p. In this experiment, the reported quarter turns progressively increased above first-day levels.
Rat
Day of treatment (1 mg/kg METH) Table S4 . Fenobam experiment -locomotor response (total quarter turns over 90 min) after saline treatments. In locomotor sessions prior to mGluR5-targeted treatment, rats were chronically given 1 ml/kg saline i.p. The reported quarter turns did not significantly change from first-day levels. Table S5 . CDPPB (0, 30, 60 mg/kg) effects on METH locomotor response (total quarter turns over 90 min) -rats with histories of saline injections. In the Day 16 tests using 0.5 mg/kg METH in all groups, rats with a history of chronic saline injections exhibited elevated locomotor behavior, but CDPPB pretreatment had no effect. Table S6 . CDPPB effects on METH locomotor response (total quarter turns over 90 min) -rats with histories of METH injections. In the Day 16 tests using 0.5 mg/kg METH in all groups, rats with a history of chronic METH exposure exhibited elevated locomotor behavior, but CDPPB pretreatment had no effect. The present studies investigated the effects of positive and negative allosteric modulation of mGluR5 receptors on methamphetamine sensitization. The authors conclude that "Positive or negative allosteric modulation of metabotropic glutamate receptor 5 (mGluR5) does not alter expression of behavioral sensitization to methamphetamine". While the data, in part, support those conclusions; the presence of an effect of 30 mg/kg fenobam on methamphetamine sensitization suggests at least some role of mGlur5 NAM activity. Evaluation of an additional NAM or a higher dose of fenobam would allow for a firmer conclusion on this point. The publication by Kufahl and colleagues presents an investigation into the effect of positive and negative allosteric modulators of mGluR5 on the expression of locomotor sensitization to the psychostimulant methamphetamine, the results of which apparently support previous data regarding a lack of involvement of this receptor in the expression of sensitized locomotion. While the study is well designed, a critical component of the results was omitted making the interpretation of the current data impossible, and severely undermines the author's conclusions.
Specifically, while the authors methodologically included a saline challenge when assessing the expression of sensitization, they failed to report these results. Without this it is not possible to determine if indeed the increase in locomotor activity observed in the METH pre-treatment group is due to expression of conditioned hyperactivity or locomotor sensitization. I suspect it may be the former due to the apparently reduced locomotor activity (approx 1200) observed during this challenge session even when compared to acute METH (approx 2000). Usually expression of locomotor sensitization is much greater than the final conditioning session. It is therefore unreasonable for the authors to conclude that PAM or NAM of mGluR5 has no effect on expression of sensitization as it is not even clear if the animals are expressing sensitized behaviour. Inclusion of the saline challenge data will clarify this point.
Have the authors considered using a longer 'waiting' period between development and testing expression? A recent study by found that intra-prefrontal cortex injections of Timmer and Steketee, 2012 the mGluR5 PAM MTEP reduced the expression of locomotor sensitization to cocaine following 21 days but not 7 days. The authors should include this in the discussion of their results.
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